Abstract. Pancreatic cancer is known for its poor prognosis and early lymphatic metastasis is a notable characteristic. microRNAs (miRNAs) have been shown to be involved in the initiation and progression of pancreatic cancer. We, therefore, established a screening strategy to find miRNAs related to the lymphatic metastasis of pancreatic cancer and explored the target genes of miRNAs. miRNA array profiles were analyzed in tissue samples [pancreatic ductal adenocarcinoma (PDAC) and matched adjacent benign tissues (MAT)] and cell lines . Combined analysis of profiling data from tissue samples and cell lines was used to identify miRNAs related to the lymphatic metastasis of pancreatic cancer. The expression levels of miRNAs were confirmed by real-time reverse transcription PCR (RT-PCR) in tissue samples and cell lines. The correlation between miRNAs and clinicopathological characteristics was investigated. The expression features of miRNAs in pancreatic cancer, precursor lesions and metastatic lymph nodes were characterized by in situ hybridization (ISH). Predicted target genes of miRNAs were validated by RT-PCR and the protein levels of target genes were revealed by western blotting. Seventy and 63 miRNAs were differentially expressed in pancreatic cancer and BxPC-3-LN, compared to MAT and BxPC-3, respectively. Combined microarray analysis found 4 co-differentially expressed miRNAs (miRNA-663, miRNA-145, miRNA-218 and let-7) related to the lymphatic metastasis of pancreatic cancer. miRNA-218 was significantly downregulated in BxPC-3-LN (fold-change >10) and the expression levels of miRNA-218 were confirmed by RT-PCR. The group with lymph node metastasis and the elder group (age >64) showed lower expression of miRNA-218 (P=0.003 and 0.002), compared to patients without lymph nodes metastasis and patients in the younger group (age ≤64), respectively. The expression of miRNA-218 showed a decreasing trend from normal acinar/ductal epithelium, intraductal papillary mucinous neoplasm (IPMN), pancreatic cancer to metastatic lymph nodes by ISH. Among 8 predicted target genes of miRNA-218, rodent bone (ROBO-1) was confirmed to be upregulated in both mRNA and protein levels in pancreatic cancer. In conclusion, we established a screening strategy based on microarray results and found miRNA-218 to be a notable gene related to lymphatic metastasis of pancreatic cancer. Downregulation of miRNA-218 and upregulation of ROBO-1 were first demonstrated in pancreatic cancer. The miRNA-218 and ROBO-1 signaling axis may contribute to the lymphatic metastasis of pancreatic cancer.
Introduction
Pancreatic cancer is the fourth leading cause of cancer-related mortality and patients suffer a poor prognosis with a total 5-year survival rate <5% among all major types of cancer (1) . Surgical resection is the only curative treatment for pancreatic cancer; however, extensive local invasion and early metastasis to regional lymph nodes or other sites in pancreatic cancer lead to unresectable diseases. Therefore, molecules which are involved in tumor metastasis are critical for staging and may be unique therapeutic targets in pancreatic cancer.
miRNAs are small non-coding RNAs, approximately 20-25 nucleotides in length. They lead to inhibition of translation or direct degradation of their target mRNAs by binding to the 3'UTR regions of these mRNAs, which participate in various biological processes, such as proliferation, apoptosis and cell differentiation. miRNAs also play a role in the progression of tumor and are termed as oncomiR or anti-oncomiR. In pancreatic cancer, investigators have found some miRNAs, including miR-96, miR-217, let-7 and miR-34 (2) (3) (4) (5) , that serve as tumor suppressors, and another class of miRNAs, including miR-21, miR-155 and miR-200 family members (6) (7) (8) (9) , that promote tumor progression.
Previous studies have reported their miRNA profiling results (10) (11) (12) and the majority are involved in tumor growth, apoptosis, invasion and chemotherapy resistance (9, (13) (14) (15) (16) (17) (18) ; however, miRNAs related to lymphatic metastasis of pancreatic cancer have yet to be fully clarified. According to the miRNA array profiling of both lymphatic metastasis cell lines and clinical tissue samples, we investigated the gene related to lymphatic metastasis of pancreatic cancer and explored its target genes.
Materials and methods
Cell lines. The human pancreatic cancer cell lines BxPC-3, SW1990 and Panc-1 were obtained from the Cell Library of the Chinese Academy of Sciences. BxPC-3-LN was a human pancreatic cell line with relative pure nature of lymphatic metastasis, which was derived from a metastatic lymph node of an ectopically implanted tumor model described in our previous studies (19, 20) . Briefly, we implanted the parental cell line BxPC-3 (10 6 cells) in the foot pads of nude mice (BALB/C) and harvested the metastatic lymph nodes, followed by primary culturing of the tumor cells. We repeated the procedure and purified the nature of the lymphatic metastasis of the cell line BxPC-3 and found BxPC-3-LN. BxPC-3 and BxPC-3-LN were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA). SW1990 and Panc-1 were cultured in Leibovitz's L-15 medium (Gibco) and DMEM medium (Thermo Fisher Scientific) supplemented with 10% FBS, respectively. All cell lines were maintained at 37˚C with 5% CO 2 . miRNA microarray analysis. miRNAs were extracted from cells and tissues using the mirVana™ miRNA Isolation kit (Applied Biosystems, p/n AM1556) following the manufacturer's instructions. The quality control criteria of RNA were RIN≥6.0, 28S/18S>0.7 and A260/A280>1.8 (Agilent 2100 Bioanalyzer). Human miRNA microarray (Agilent, version 14.0 and illumina miRNA array) was used to examine the differential expression profile of miRNAs in groups BxPC-3 vs. BxPC-3-LN and PDAC vs. MAT (6 paired fresh frozen tissue samples). Briefly, the RNA sample was dephosphorylated with calf intestinal phosphatase, degenerated with DMSO, labeled with T4 RNA ligase and cyanine-3-pCp, hybridized at 55˚C using Microarray Hybridization Chamber and Hybridization oven, washed and scanned. Array-comparative genomic hybridization (array-CGH) analysis was carried out and the differential extents of miRNAs between groups were denoted as Diff Pval, Diff Score or fold-change.
RT-PCR.
The expression levels of miRNA and mRNAs were quantitatively analyzed by RT-PCR in cells and fresh frozen tissue samples. miRNAs and mRNAs were extracted from cells and tissues using TRIzol (Invitrogen, Carlsbad, CA, USA). The purity and concentration of RNA were evaluated by A260/A280 using NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Courtaboeuf, France). miRNAs and mRNAs were converted to cDNAs using the TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and the PrimeScript RT Master Mix Kit (Takara, Dalian, China) respectively, by Mastercycler (Eppendorf, USA). The real-time PCR was performed by Applied Biosystems 7500 Real-Time PCR System, using TaqMan MicroRNA assays (Applied Biosystems) for miRNAs and SYBR Premix Ex Taq II (Takara) for mRNAs, respectively, following the manufacturer's instruction. U6 snRNA and GAPDH were selected for normalization to the expression levels of miRNAs and mRNAs. Relative quantitations (RQs) of miRNAs and mRNAs were calculated using the 2 -ΔΔCt method. The sequences of RT-PCR primers are listed in Table I .
In situ hybridization (ISH)
. Double-DIG labeled locked nucleic acid microRNA probe, complementary to hsa-miR-218 (P/N AM17100; Exiqon, Vedbaek, Denmark) was designed for ISH of 13 paired paraffin-embedded PDAC and MAT samples, conforming to the manufacturer's instructions. The scrambled microRNA probe was used as negative control. In Table I . Primer sequences for RT-PCR.
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Sequence ( 
Results

Differential expression of miRNAs in array-CGH analysis.
Profiling analysis of group (PDAC and MAT) was performed to examine the differential miRNAs in pancreatic cancer, which may be involved in several important processes of tumor biology. Seventy miRNAs were found differentially expressed (P<0.05 and Diff Score >13 or <13), including 43 downregulated miRNAs and 27 upregulated miRNAs in pancreatic cancer compared to adjacent benign tissue. Differential expression of miRNAs between the cell lines BxPC-3 and BxPC-3-LN were also characterized by array-CGH, which may include genes responsible for lymphatic metastasis of pancreatic cancer. Sixty-three miRNAs differentially expressed in BxPC-3-LN compared to BxPC-3, including 33 downregulated miRNAs and 30 upregulated miRNAs. Combined analysis of tissue-based profiling and cell-based profiling results revealed 4 co-differentially expressed miRNAs (Fig. 1 ). Among these co-differentially expressed miRNAs, miRNA-218 was the most notable gene (fold-change >10) in BxPC-3-LN.
Downregulation of miRNA-218 in pancreatic cancer.
Quantitative real-time PCR was performed in 37 PDAC samples, 35 adjacent benign tissue samples and cell lines to confirm the expression level of miRNA. miRNA-218 was found downregulated in pancreatic cancer and the cell line BxPC-3-LN (Fig. 2) . In tissue samples, the RQ of miRNA-218 was significantly lower (P=0.001) in pancreatic cancer (0.0684±0.0339) than in benign tissues (0.2055±.0208). In cell lines, the RQ of miRNA-218 was 1.0005±0.0429 in BxPC-3-LN and 1.4961±0.0362 in BxPC-3 (P<0.001). Furthermore, the cell lines SW1990 and Panc-1 showed higher RQ of miRNA-218 (26.9468±2.1649 and 9.8628±0.4647, respectively) compared to BxPC-3-LN5 (P<0.001).
Expression of miRNA-218 and clinicopathological characteristics. The relationship between the expression levels of miRNA-218 and clinicopathological data of PDAC patients was analyzed in a total of 37 PDAC cases (Table II) . The differentiation level was underdetermined in 1 case and 7 cases were without definite status of lymph nodes. The young patients (age ≤64 years) showed a relatively higher expression level of miRNA-218 (P=0.002) than the older patients (age >64 years). Tumor stage tended to correlate with miRNA-218 expression (P>0.05). The group with lymph node metastasis showed lower expression level of miRNA-218 than the group without (P= 0.003). No significant differences in the expression levels of miRNA-218 were found grouped by the factors of gender, differentiation grade, tumor size, vascular involvement status, perineural invasion status and neoadjuvant chemotherapy.
ISH of miRNA-218. Locked nucleic acid ISH was performed to characterize the expressing features of miRNA-218 in pancreatic cancer. The intensity and abundance of miRNA-218 in MAT, IPMN and PDAC was analyzed (Table III) . Widespread and high expression of miRNA-218 was found in both normal acinar and ductal epithelium, whereas focal or low expression of miRNA-218 was found in PDAC. The precursor lesion of pancreatic cancer, IPMN expressed less miRNA-218 than normal acinar or ductal epithelium, but more compared to PDAC (Fig. 3) . The expression features of miRNA-218 according to tumor grade revealed that the lower cell differentiation showed lower expression of miRNA-218. Almost negative expression was demonstrated in metastatic lymph nodes, compared to corresponding primary lesions in PDAC (Fig. 4) .
Target genes of miRNA-218 in pancreatic cancer. Eight target genes of miRNA-218 were quantitatively analyzed in 31 PDAC samples and 13 adjacent benign tissue samples. The (Fig. 5A) . It was confirmed that the protein level of ROBO-1 was significantly upregulated in PDAC compared to adjacent benign tissues by western blotting (Fig. 5B) . 
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Discussion
miRNAs are a series of small non-coding RNAs and up to 30% of human genes are regulated by miRNAs. Since the first lin-4 miRNA was discovered in 1993 (21), the family of miRNAs has been highlighted and the role of miRNAs in tumor biology has also been revealed. In pancreatic cancer, pioneer studies described aberrantly expressed miRNAs (2-3,5,9,18,22). Among these miRNAs, miRNA-21 and miRNA-155 are the most notable genes, which regulate proliferation, apoptosis and therapy-resistance of pancreatic cancer in principal (7, 9, 18, 22, 23) . Lymphatic metastasis is an unfavorable event in patients with pancreatic cancer (24, 25) . Nevertheless, conventional profiling results cannot trace genes related to the lymphatic metastasis of pancreatic cancer. We previously established the ectopic-implanted pancreatic cancer model and found the cell line BxPC-3-LN metastasized to regional or distant lymph nodes much earlier than the parental cell line BxPC-3 (19, 20) . The genetic heterogeneity of primary carcinoma is preserved in pancreatic cancer and clonal population that gives rise to metastasis is genetically evolved from the original parental clone (26) . Therefore, we performed miRNA profiling of these two cell lines, to find the aberrantly expressed miRNAs potentially promoting lymphatic metastasis. Combined analysis of profiling results between clinical tissue samples and cell lines confirmed 4 coincident differentially expressed miRNAs. Of these 4 miRNAs, miRNA-218 was the most significantly altered gene in BxPC-3-LN compared to the parental cell line BxPC-3, which may be correlated to the lymphatic metastasis of pancreatic cancer and was also reported to be downregulated in pancreatic cancer in another profiling study (12) . We confirmed that miRNA-218 was downregulated in human PDAC and BxPC-3-LN by RT-PCR. Consistent with our results, miRNA-218 was found downregulated in several human solid tumors, including cervical carcinoma, lung cancer, gastric cancer, glioma, nasopharyngeal cancer, prostate cancer, bladder cancer and oral cancer, but it only indicated that miRNA-218 might function as a tumor suppressor in these tumors (8, (27) (28) (29) (30) (31) (32) (33) . In the present study, BxPC-3-LN with decreased expression of miRNA-218 compared to BxPC-3 provided insight that miRNA-218 may be involved in the lymphatic metastasis of pancreatic cancer.
Moreover, we analyzed the clinicopathological characteristics of PDAC patients and found that the group with lymph node metastasis showed lower expression of miRNA-218 than the group without. This is consistent with the results in gastric cancer (34) and supports the hypothesis that miRNA-218 promotes the lymphatic metastasis of PDAC. Furthermore, we found miRNA-218 decreased in the elder age group and hypothesized that miRNA-218 might also act as a tumor suppressor, since pancreatic cancer and several other tumors usually develop in middle-aged and older patients, whose tumor suppressors are lost or mutated. However, there was a negative correlation between miRNA-218 and age in gastric and lung cancer (34, 35) .
Results of ISH revealed that miRNA-218 is mainly expressed in normal acinar epithelium and ductal epithelium, whereas the mesenchyma seldom expressed miRNA-218. We speculate that miRNA-218 may regulate the differentiation of normal pancreatic acinar epithelium and ductal epithelium. Therefore, if the expression of miRNA-218 is impaired, it may induce aberrant differentiation of normal epithelium and even lead to carcinogenesis. Lower expression of miRNA-218 in IPMN compared to normal acinus or duct, suggested that the downregulation of miRNA-218 might be an early sign in the precursor lesions of pancreatic cancer. Additionally, PDAC showed even lower expression of miRNA-218 than IPMN demonstrating that the decreased expression of miRNA-218 advances as the precursor lesions transform to pancreatic cancer. Thus, the insight into the role of miRNA-218 as a marker of diagnosis or follow-up is promising. Furthermore, miRNA-218 might regulate the differentiation of tumor cells (8) and it was found that the expression of miRNA-218 was correlated with tumor grades in the present study, although it was not demonstrated by RT-PCR. Low or even negative expression of miRNA-218 in metastatic lymph nodes of PDAC was further evidence that decreased expression of miRNA-218 might promote tumor cells migrating into the lymphatic system.
A detailed mechanism of the involvement of miRNA-218 in tumor lymphatic metastasis remains to be confirmed. The target genes of miRNA-218 were hallmarks of different pathways. BIRC5, EGFR, PAXILLIN, CETN2, LAMB3, HOXA1, LEF1 and ROBO-1 were reported to be the direct targets of miRNA-218 and are involved in the carcinogenesis and tumor progression of various tumors (30, (34) (35) (36) . Here, we investigated these target genes of miRNA-218 in pancreatic cancer and found ROBO-1 showed higher expression of both mRNA and protein in PDAC, compared to adjacent benign tissues. ROBO-1 (Rodent Bone) which plays a novel role in bone metabolism, was first discovered by Noel et al (37) and it is a member of the emerging multifunctional uPAR/CD59/Ly-6/snake toxin family (38) . It has been proved that miRNA-218 regulates ROBO-1 by binding to its 3'UTR and participates in neural development, angiogenesis and cell migration. Additionally, previous studies also found miRNA-218-ROBO-1 might promote tumor metastasis in several tumors such as nasopharyngeal cancer, gastric cancer and breast cancer (30, 34, 39, 40) . Collectively, we considered that an miRNA-218-ROBO-1 dependent pathway might be involved in the lymphatic metastasis of pancreatic cancer according to the expressing features of miRNA-218 and ROBO-1 in pancreatic cancer.
In conclusion, we established a pioneer screening strategy through combined analysis of profiling results from cell lines and tissue samples, to trace the genes involved in the lymphatic metastasis of pancreatic cancer. We successfully found miRNA-218 differentially expressed in both BxPC-3-LN and pancreatic cancer which potentially promoted the lymphatic metastasis of pancreatic cancer. The downregulation of miRNA-218 and upregulation of ROBO-1 in pancreatic cancer were confirmed and we hypothesized that miRNA-218-ROBO-1 may regulate the process of metastasis, particularly lymphatic metastasis, in pancreatic cancer. The downstream mechanism of miRNA-218-ROBO-1 remains unclear and further studies regarding the lymphatic metastasis of pancreatic cancer are currently being performed. 
